Introduction
============

As a semiconductor nanomaterial, quantum dot (QD) consists of chemical elements from the chemical element group III--IV or the second group VI in the periodic table, whose size generally ranges from 1 to 10 nm. Different from bulk counterparts, QDs possess superiority in fluorescence and optical stability and, thus, act as a candidate for imaging and diagnosis.[@b1-ijn-13-2729] Compared with the conventional dyes, the utility model has unique photophysical and electrical properties with broad absorption, narrow emission spectra and resistance to photobleaching.[@b2-ijn-13-2729] Surface chemistry can help enhance the fluorescence efficiency and keep relatively low rate of quenching.[@b3-ijn-13-2729] A typical QD is made up of a core and a shell with different materials at large. Peptides, antibodies and nucleic acids can be used to modify primary QDs for special biomedical use. For example, a core of CdTe and a shell of ZnS constitute CdTe/ZnS QD, which can be further conjugated with polyethylene glycol (PEG) for better solubility. In addition, the emission wavelength of QDs can be easily controlled by sizes of the core. [Figure 1](#f1-ijn-13-2729){ref-type="fig"} illustrates the typical basic structure of QDs with core/shell conjugate. Cadmium-containing QDs are the widely studied materials thus far in the field of biological imaging, such as CdSe/ZnS and CdTe/ZnS core/shell QDs. On account of a series of distinct size effects, quantum confinement effect, macroscopic quantum tunneling effect and specific surface effect, prolonged exposure of metal-containing QDs can stimulate the release of toxic metal ions to the surrounding biological fluids and, thus, exert adverse effect.[@b4-ijn-13-2729] Fortunately, surface modification is a commonly useful way to overcome this challenge. Besides diagnosis, QDs show great potential for application in tumor tracing, microbial detection and drug-targeted therapy.[@b5-ijn-13-2729],[@b6-ijn-13-2729] It has been reported that QDs can be used as probes for in vivo imaging. Therefore, labeled blood vessels and tumors can be clearly distinguished.[@b2-ijn-13-2729],[@b7-ijn-13-2729],[@b8-ijn-13-2729] Withal, application of QDs is capable of guiding medicines to specific foci for targeted drug therapy.[@b6-ijn-13-2729] Although much attention has been paid to the potential function of QDs, it is necessary to conduct safety evaluation of nanomaterials for medical application when the potential threats exist. Due to the special nanosize effect, physiochemical properties of QDs are different from those of micro-scaled particles. A large number of studies in vitro have shown that QDs are obviously toxic, which may be attributed to the metal ion and several undefined factors of nanoparticles themselves.[@b9-ijn-13-2729] In order to obtain comprehensive information for the safe application of QDs in medical field, it is particularly important to conduct in vitro and in vivo research in the absence of epidemiological data. A decade ago, researchers started to explore potential toxicity of QDs and a strip of mysteries have been disclosed.[@b10-ijn-13-2729],[@b11-ijn-13-2729] It has been demonstrated that QDs have the capacity to disrupt the cellular structure and function in a series of cell lines.[@b12-ijn-13-2729]--[@b14-ijn-13-2729] In recent years, great importance has been attached to the concrete root of toxicity. However, the molecular basis of cytotoxicity, especially the dysfunction of organelles, has not been clearly defined. Moreover, there is no unambiguous procedure available for the safety evaluation of nanomaterials up to now. Therefore, a systematic summary is vital for the evaluation of underlying toxicity before the application of QDs to life sciences. At the same time, addition of various outer layers and modifications for biocompatibility are also of importance. In spite of the existence of several reviews regarding the toxicity of QDs, most of them have focused on their toxicity in vitro or in vivo,[@b15-ijn-13-2729]--[@b17-ijn-13-2729] while potential mechanisms regarding the disruption of organelles as discussed above were not incorporated. Therefore, this review is intended to summarize diverse forms of cell death and pathways of cytotoxicity induced by QDs. Furthermore, the underlying mechanisms of disruption of subcellular structures have also been included.

Forms of cell death caused by QDs
---------------------------------

Currently, human-derived[@b18-ijn-13-2729] or rodent-derived immortalized cells[@b19-ijn-13-2729] and primary cells[@b20-ijn-13-2729],[@b21-ijn-13-2729] have been extensively used to investigate the adverse effects of nanomaterials. Cytotoxicity of QDs is generally characterized by diminished cell viability, elevation of apoptosis rate and dysfunction of immune responses. Indicators of oxidative stress are significantly changed in the form of increase in methane dicarboxylic aldehyde and reactive oxygen species (ROS) with impairment of the antioxidant system.[@b22-ijn-13-2729],[@b23-ijn-13-2729] Due to the lack of epidemiological data, experimental design for the safety evaluation of nanomaterials seems to be of importance. In vitro experiments possess plenty of advantages for the judgment of toxic effect of exogenous substances, including convenience and in-depth research, and extensive launch via diverse cultured cell models.[@b24-ijn-13-2729],[@b25-ijn-13-2729] Investigations show that QDs more or less interfere with cellular viability and proliferation, which may not exist at a low dose, but there is an overt transformation under high dose or prolonged duration.[@b26-ijn-13-2729] When the concentration and exposure time exceed the threshold, the detrimental effects of QDs emerge. However, it is hard to confirm the accurate threshold because it is difficult to guarantee the uniformity of various QDs from disparate preparation methods. Additionally, the threshold value of disturbance of organelles is also difficult to determine.

The extent of cell injury depends on the intensity of the stress. Ordinarily, low-level oxidative stress disrupts cellular redox homeostasis, and intermediate oxidative milieu causes inflammation. Also, high oxidative burst leads to cytotoxicity and even cell death.[@b9-ijn-13-2729] Based on a growing number of investigations concerning cellular outcomes in response to QDs, forms of cell death have been summed up, which could be categorized into four representative groups as follows.

### Necrosis

Necrosis is a kind of cell death with pathologic changes, which can result from invasion by external chemicals. The features of necrotic cells are composed of increased membrane permeability, cell deformation and loss of membrane integrity without obvious morphologic changes in the nucleus in the early stage.[@b27-ijn-13-2729] In late necrosis, innate immune system is heavily activated by the leakage of cellular contents with inflammatory reaction. Afterward, the immune cells (monocytes, neutrophils and eosinophils) are recruited to the site of injury to help clear debris. Interestingly, recently, necrosis has been classified as accidental cell death (necrosis) and regulated necrotic cell death (necroptosis).[@b28-ijn-13-2729] The expression of receptor-interacting protein kinase 3 (RIP3/RIPK3) protein is a molecular switch for necrosis and apoptosis.[@b29-ijn-13-2729] Conventionally, necrosis is in contrast to programmed cell death and associated with passive cellular damage, which refers to malignant cell death with the occurrence of pyknosis and karyorrhexis.[@b30-ijn-13-2729] Necroptosis is a programmed form of necrosis which executes necrosis in a programmed fashion. The signaling pathway involves the stimulation of tumor necrosis factor receptor type 1-associated death domain protein, which signals to receptor-interacting protein kinase 1 (RIP1/RIPK1) in necroptosis. Recruitment of RIPK3 to RIPK1 forms the necrosome, which is the symbol of necrosis. Phosphorylation of mixed lineage kinase domain-like protein (MLKL) is mediated by RIPK3. Oligomerization of MLKL allows MLKL to insert into the cell membrane and permeabilize the membranes of organelles.[@b31-ijn-13-2729] Formation of holes in the cell membrane thus enhances permeability, which leads to lysis of cells and release of damage-associated molecular patterns (DAMPs). Several reports about ultrafine particulate matter-induced necrotic cell death have been published.[@b32-ijn-13-2729] Necrosis induced by QDs[@b33-ijn-13-2729],[@b34-ijn-13-2729] has also been found, while necroptosis has not been reported.

### Apoptosis

Apoptosis is a strictly regulated molecular process, which is characterized by chromosome fragmentation, membrane blebbing and shrinkage with the execution of caspase--cascade reaction.[@b35-ijn-13-2729] Generally, apoptosis is necessary for organism development, regulation of immune system and cellular refreshment. However, excessive apoptosis has implications in diverse diseases caused by stimuli of xenobiotics. When oxidative damage cannot be correctly repaired, apoptosis would appear. It has been found that CdTe QDs can induce upregulation of Fas receptor, which, in turn, leads to apoptosis of fibroblasts.[@b26-ijn-13-2729] Similar to cadmium-containing QDs, other types of QDs have similar effects on apoptosis.[@b34-ijn-13-2729],[@b35-ijn-13-2729]

It was generally acknowledged that apoptosis usually takes place through mitochondrial or death receptor pathway with respective activation of caspase 9 and caspase 8. Initiation of extrinsic pathway by stimulation of QDs was attributed to release of tumor necrosis factor-α or contact of Fas ligand with Fas receptor.[@b36-ijn-13-2729] Activation of death receptor promotes cell death through phosphorylation of apoptotic factor c-Jun and cleavage of pro-caspase 8. With respect to intrinsic pathway, mitochondrial membrane potential (MMP) collapse through internalization of QDs and subsequent leakage of cytochrome *c* would give rise to cell apoptosis after activation of caspase 9. The convergence of intrinsic and extrinsic pathway is caspase 3 which is the downstream signal of caspase 9 and caspase 8 and meanwhile a key executor of apoptosis.[@b37-ijn-13-2729] Moreover, regulator proteins of B-cell lymphoma-2 (Bcl-2) family manipulate apoptosis by either induction or inhibition. Bcl-2 is one of the antiapoptotic proteins and is localized at the outer membrane of mitochondria, where it plays an important role in attenuating the actions of proapoptosis and promoting cellular survival. On the contrary, proapoptotic proteins including Bcl-2-associated X protein (Bax) and Bcl-2 antagonist/killer 1 promote mitochondrial membrane permeabilization, which, in turn, stimulates translocation of cytochrome *c* from the mitochondria into the cytoplasm, finally triggering cascade reaction.[@b26-ijn-13-2729] Apoptosis always accompanies the decline of Bcl-2/Bax ratio.[@b38-ijn-13-2729] Bcl-2 and its relative B-cell lymphoma-extra large (Bcl-xl) are negatively regulated by Bax. Recently, several researchers have found that in addition to these two classical pathways, endoplasmic reticulum (ER) stress also act as a sensitive early event for apoptosis. Dilatation of ER cisternae was observed in human umbilical vein endothelial cells after exposure to CdTe QDs, along with significantly elevated apoptosis rate and upregulation of ER stress markers.[@b39-ijn-13-2729] Withal, apoptosis induced by QDs can be significantly mitigated by inhibitors of ER stress, further suggesting that ER stress really participates in QD-induced apoptosis.[@b39-ijn-13-2729] The schematic representation of apoptotic pathways induced by QDs is exhibited in [Figure 2](#f2-ijn-13-2729){ref-type="fig"}.

### Autophagy

Autophagy is regarded as a prosurvival mechanism in response to cellular stress (starvation or injury), through which cells are engaged in clearance of pathogens and damaged organelles by means of autophagosome.[@b40-ijn-13-2729] In general, ubiquitin protein complexes and other cellular trashes can stimulate autophagy pathway. Initially, numerous autophagy-related proteins are activated and recruited to the phagophore structure. Next, double-membraned autophagic vacuoles, also called autophagosomes, are formed through sequestration of cytoplasmic contents. Meanwhile, lipidated microtubule-associated protein 1A/1B light chain 3B (MAP1LC3B/LC3-II) is assembled, and LC3-II complex is translocated from the cytosol to the membrane of autophagosome.[@b41-ijn-13-2729] Eventually, the autophagosome and its cargo undergo fusion with the lysosome for the synthesis of autolysosome. The total process is called autophagy flux. As reported, the process of autophagy is negatively regulated by phosphoinositide-3-kinase-I/protein kinase B/mammalian target of rapamycin pathway and positively regulated by *Atgs*.[@b42-ijn-13-2729],[@b43-ijn-13-2729] Under normal conditions, cellular damage is inhibited by moderate induction of autophagy through timely clearance of the waste. Nonetheless, excessive degradation of cellular components can promote a vicious loop. It is said that the protective effect of autophagy helps in cell survival in acute reaction, while long-term autophagy conversely gives rise to chronic damage.

Intriguingly, despite lack of corroborant evidence, a few hypotheses have been put forward that autophagy has an association with apoptosis.[@b44-ijn-13-2729] Also, the interdependent relationship between these two items is clarified. First, autophagy usually occurs ahead of apoptosis. The second one is that degradation of detrimental components by autophagy helps mitigate ensuing cascade reaction, through which apoptosis can be inhibited. Finally, autophagy can be transformed into apoptosis with which autophagy promotes cell death together.[@b45-ijn-13-2729] Recent studies have demonstrated that Beclin-1, a protein involved in autophagy and apoptosis, can increase the activity of caspase 9 to increase the rate of apoptosis. However, the contradiction is that cleavage of Beclin-1 from Beclin-1/Bcl-2 complex liberates Bcl-2, which consequently inactivates apoptosis and autophagy.[@b46-ijn-13-2729] Bcl-2 is considered as an important antiapoptotic protein. Notably, Bcl-2 not only plays a role in antiapoptosis but also is implicated in anti-autophagy and was thus classified as an oncogene.[@b47-ijn-13-2729] It also reveals that apoptosis could be regulated by autophagy through the selective degradation of Fas-associated phosphatase 1 and tumor protein p53 upregulated modulator of apoptosis (PUMA). It is supposed that knockdown of PUMA can rescue the cell viability as PUMA facilitates cellular apoptosis. However, cell viability is not improved, but significantly decreased after PUMA is knocked down. Actually, besides apoptosis-related pathway, PUMA is also involved in autophagy, which plays a prosurvival role. Under this condition, PUMA accounts for a larger quotient in autophagy than apoptosis. Hence, once PUMA is eliminated, the protective function of PUMA is overwhelmingly attenuated as a cause of cell damage.[@b48-ijn-13-2729] In general, both autophagy and apoptosis exist. With regard to the end point of cells, it depends on which effect is greater than the other. The relationship between autophagy and apoptosis is still confusing. Whether autophagy is a friend or a foe under different conditions needs to be determined in the future.

Mitophagy, a subset of self-protection mechanism, refers to the process of damaged mitochondria being targeted for degradation, so as to maintain storage of healthy mitochondria.[@b49-ijn-13-2729] Restraint of mitophagy brings about aggregation of dysfunctional mitochondria. Recent research has revealed that environmental factor-induced cellular aging and mitochondriopathies have been linked to inhibition of mitophagy, which would exert huge influence on cellular stability.[@b50-ijn-13-2729] Caspase 1-mediated cell death can be partially recovered through mitophagy. On the contrary, inhibition of mitophagy may further deteriorate cellular function, confirming the positive role of mitophagy.[@b51-ijn-13-2729] Of note, the excessive mitophagy is also detrimental. Some nanomaterials such as nano-silver[@b52-ijn-13-2729] and nano-rare earth metal oxide[@b53-ijn-13-2729] have a destructive impact on autophagy influx on account of disruption of autophagic--lysosomal axis. The capability of QDs to induce autophagy has been verified in a series of cell lines from multiple systems.[@b19-ijn-13-2729]

Autophagy is one form of cell death. Inhibition of autophagy can alleviate cellular lesion, which further confirms the role of autophagy in cellular impairment.[@b54-ijn-13-2729],[@b55-ijn-13-2729] Whether the stress will culminate into fatal point is dependent on the inherent properties of nanomaterials and the strength of accumulative upstream events, such as increased ROS production and superfluous cytoplasmic concentration of Ca^2+^. The cellular end point, survival or death, is synthetically determined by multiple factors, such as cell type, intensity and duration of stress and physiochemical characteristics of xenobiotics. Nevertheless, the methods for detection of QD-induced autophagy are always confined to the observation of autophagosome by an electron microscope and the detection of classical protein expression via Western blot, such as LC3 and nucleoporin p62 (SQSTM1/p62). The molecular basis of autophagy toward protective function is not well defined. Importantly, the key to modulate autophagy toward protective function rather than the opposite is a meaningful topic which deserves in-depth exploration.

### Pyroptosis

In the past decades, a series of research studies focused on apoptosis and then great attention was paid to autophagy. However, the question remaining is that nanomaterial-induced toxicity is also accompanied by inflammation, which could not be elicited by apoptosis itself. With research going on, the mysteries that were initially complicated are gradually being unveiled. In this decade, a new form of cell death termed pyroptosis has been widely investigated, which is finely orchestrated by inflammasome complex and gasdermin family with the secretion of interleukin (IL)-1β and IL-18.[@b56-ijn-13-2729] Lately, it has been found that pyroptosis is not only dependent on caspase family but also on gasdermin family through formation of membrane pore. Moreover, caspase family is not limited to apoptosis and is associated with pyroptosis, as gasdermin D (GSDMD) can be cleaved by caspase 1. Translocation of gasdermin-N domain, which is formed through cleavage of GSDMD by caspase 1 or cleavage of gasdermin E by caspase 3, from the cytoplasm to the membrane is the cause for formation of pore at the membrane with the release of lactate dehydrogenase and secretion of IL-1β.[@b57-ijn-13-2729] Actually, these findings show that pyroptosis is directly related to gas-dermin family instead of caspase. What is remarkable is that pyroptosis simultaneously shares the features with necrosis and apoptosis, which means that it possesses the characteristics of necrosis (rupture of cell membrane, liberation of intracellular substances) and apoptosis (DNA fragmentation and nuclear condensation).[@b58-ijn-13-2729] Innate immunity could be activated by a plethora of stimuli including exogenous and endogenous factors called pathogen-associated molecular patterns (PAMPs) and DAMPs.[@b59-ijn-13-2729] Stimulation of the immune system initially starts from the interaction of pattern-recognition receptors (PRRs) with PAMPs or DAMPs. PRRs are composed of Toll-like receptors (TLRs), retinoic acid-inducible gene I-like receptors, nucleotide oligomerization domain-like receptors (NLRs) and C-type lectin receptors. The inflammasome is a multiprotein oligomer consisting of caspase 1, apoptosis-associated speck-like protein containing a CARD (PYCARD), NLRs and sometimes caspase 5, including NLR family pyrin domain containing 3 (NLRP3), absent in melanoma 2 (AIM2) and so forth. Resting in physical state, they are usually composed of NLRs, adaptor protein apoptosis-associated speck-like protein containing a caspase activation and recruitment domain (ASC) and the effector pro-caspase 1 which connects with ASC via caspase activation and recruitment domain (CARD) and a cytosolic sensor. Pyroptosis through the noncanonical pathways of caspase 4/5/11 has also been studied.[@b60-ijn-13-2729] All pathways toward the end point of pyroptosis should undergo the process of cleavage of gasdermin family, for example, cleavage of GSDMD by caspase 1.[@b56-ijn-13-2729]

Conventionally, secretion of IL-1β should undergo two steps via pyroptosis pathway. The first signal is implicated in activation of TLRs and stimulation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)/activator protein 1 transcription factor triggered by PAMPs or DAMPs following the synthesis of pro-IL-1β. The second signal is provided by the assembly of inflammasome complex with cleavage of pro-caspase 1 and pro-IL-1β to their active forms. Notably, there is just production of IL-1β after these two steps. Furthermore, secretion of IL-1β needs another step. With the help of caspase, gasdermin-N is separated from gasdermin protein and translocated to the membrane, which results in pore formation and ensuing secretion of IL-1β from the cytosol to the supernatant. Among the homologous inflammasomes, NLRP3 is intensively studied. Redundant production of IL-1β subsequent to the assembly of inflammasomes conversely stimulates PRRs, further promoting the activation of inflammasomes and the expression of inflammatory genes such as tumor necrosis factor-α and inducible nitric oxide synthase. Inflammasome-mediated inflammation originally served as a protective measure to clear the antigens, which seems to be a benign operation to the body. It also does harm to organisms once beyond control. Research have revealed that NLRP3 inflammasome participates in immune response and plays a pivotal role in nanoparticle-caused inflammation. Activation of NLRP3 by environmental irritants such as silica,[@b58-ijn-13-2729] asbestos[@b58-ijn-13-2729] and alum[@b61-ijn-13-2729] has been authenticated.[@b62-ijn-13-2729] Furthermore, structure-varied nanoparticles such as monosodium urate,[@b63-ijn-13-2729] nano-SiO~2~,[@b58-ijn-13-2729] black carbon[@b64-ijn-13-2729] and carbon nanotubes[@b65-ijn-13-2729] are able to actuate NLRP3 inflammasome. NLRP3 activation induced by QDs was first reported in hepatic cells and the liver of mice.[@b18-ijn-13-2729] It suggested that ROS,[@b65-ijn-13-2729] lysosomal rupture,[@b66-ijn-13-2729] mitochondrial damage[@b18-ijn-13-2729] and K^+^ efflux[@b67-ijn-13-2729] are interrelated cellular events for NLRP3 activation. As the damaged mitochondria can be normally eliminated by mitophagy, it is reasonable to hypothesize that moderate mitophagy assists with the maintenance of steady state, whereas inhibition of mitophagy might bring about adverse effect. However, the role of multiple signals in the activation of NLRP3 inflammasome is not yet clear. Accumulating research have discussed various cellular end points after incubation with QDs; still there are potential molecular mechanisms under investigation though.

Disturbance of subcellular structures
-------------------------------------

It is apparent that whichever system has been discernibly influenced by that QDs.[@b20-ijn-13-2729],[@b68-ijn-13-2729],[@b69-ijn-13-2729] Further research found that various organelles would collapse during QD treatment. Lipid peroxidation of membrane and liberation of substrates would occur when the buffering system is extremely collapsed. Leakage of several classes of proteases from the ruptured organelles is responsible for the observed cell death, for example, Ca^2+^ from the ER,[@b34-ijn-13-2729] mitochondrial DNA from the mitochondria[@b70-ijn-13-2729] or cathepsin from the disrupted lysosome,[@b71-ijn-13-2729] which were authenticated by several studies with different types of cells. However, contributions of certain physico-chemical property to the impairment of organelles are not completely explained.

### DNA damage

Entry and egression of substances are rigorously regulated by the nucleus in order to maintain a steady milieu. Several studies revealed QDs can enter into the nucleus, whereas, on the contrary, others found that QDs are just located around the perinuclear area. Dissolution of the metal ion from QDs has the ability to influence the nucleus and cause genotoxicity, including oxidative modifications and DNA strand breaks.[@b26-ijn-13-2729] No obvious cytotoxicity was observed in the early stage of DNA damage, indicating that DNA damage could act as a sensitive marker for evaluation of QD-induced toxicity. Of note, cell cycle is arrested in G2/M period, and cell proliferation is obviously inhibited when DNA is damaged, suggesting that a protective mechanism has been activated to maintain the genome stability.[@b72-ijn-13-2729] PEG-coated silianized CdSe/ZnS QDs were incubated with IMR-90 cells up to 48 h, and the result implied that cell cycle was significantly arrested to the M phase.[@b11-ijn-13-2729] The single cell gel electrophoresis assay (also known as comet assay) is a sensitive technique for detection of DNA damage at the level of a single eukaryotic cell. Due to the existence of cadmium ions and ROS, appearance of obvious nuclear shrinkage and chromatin condensation would lead to increased nuclear deformation. CdTe QDs can enhance intracellular ROS and result in increased formation of γ-H2Ax foci in human umbilical vein endothelial cells. γ-H2Ax foci are a common marker for DNA double-strand breaks (DSBs), which can be inhibited by pretreatment with *N*-acetyl-L-cysteine, suggesting that oxidative stress is an instigator of DNA damage.[@b73-ijn-13-2729] Treatment of A549 cell line with CdSe QDs induces nuclear condensation and DNA fragmentation after 24 h, which are associated with intracellular ROS level.[@b14-ijn-13-2729] However, another literature reported that DSBs have been minimally triggered by PEG-coating QDs as no significant phosphorylation of the histone protein γ-H2Ax has been found.[@b74-ijn-13-2729] The opposite consequence can be explained by disparate QD types, different doses and cell lines.

It has been reported that negatively charged QDs are relatively noncytotoxic compared with positive QDs for the reason that positively charged QDs can be easily internalized. Even in the absence of cytotoxicity, a significant proportion of DNA strand breaks was found in the group of negatively charged QDs without compensation of DNA repair, suggesting that occurrence of genotoxicity was earlier than cytotoxicity and may be regarded as a sensitive indicator.[@b75-ijn-13-2729] CdSe QDs were respectively functionalized with mercapto-propionic acid (MPA) and cysteamine (CYST). The charge of MPA-CdSe QDs is negative and that of CYST-CdSe QDs is positive. Both types have similar size. Interestingly, cytotoxicity was only produced in CYST-CdSe QDs, while a high number of DSBs was displayed in the two groups. This experimental result also corresponds with the hypothesis that negatively charged QDs are less hazardous than positive modification. Moreover, increased expression of p53-binding protein 1 in the nuclei and decrease of p53 from the cytoplasmic extracts further confirmed that QDs can induce DNA damage. As a result, DNA could be seriously damaged by MPA-CdSe QDs in the absence of cytotoxicity. These data show that cytotoxic analysis must be supplemented with genotoxic potential assays to fully understand the cellular responses when recommendations would be made for the safety evaluation of QDs.

### ER stress

The ER is an essential organelle in most types of eukaryotic cells for detoxification. It is not only a site for modification, assembly and transfer of proteins but also it is a reservoir of intracellular Ca^2+^. Besides, it is closely related to the concentration of blood glucose, synthesis of steroid hormone and lipid metabolism.[@b76-ijn-13-2729] Folding and assembly of cellular proteins could hardly proceed when ER has suffered from impairment. ER stress is supposed to tackle excessive unfolded proteins, which usually occurs under the conditions of hypoxia, oxidative stress, abnormal glycosylation and disturbance of calcium homeostasis in order to restore the stability of ER.[@b77-ijn-13-2729] Timely repair is essential to counteract this crisis; otherwise, cells would get impaired and even go to death. Concretely, further tissue damage could be induced when the unfolded proteins persistently accumulate.

Unfolded protein reaction (UPR) is well regulated by three signals, namely, inositol-requiring enzyme-1α (IRE-1α), protein kinase RNA-like ER kinase (PERK) and activating transcription factor 6 (ATF6). Under physical conditions, IRE-1α and PERK, respectively, bind to the ER resident chaperone-binding immunoglobulin protein (BiP/GRP78) to form an inactive complex.[@b78-ijn-13-2729] Huge aggregation of unfolded proteins facilitates separation of Bip/GRP78 from the complex, which strikes the activation of canonical signal transduction pathway of UPR, so as to degrade misfolded proteins.[@b76-ijn-13-2729] Three pathways concerning UPR could occur as follows: 1) activation of IRE-1α plays a stimulative role for endonuclease which cleaves X-box binding protein 1 (XBP-1) into spliced XBP-1 (XBP-1s) in the cytoplasm. Then, the spliced isoform XBP-1s enters the nucleus to regulate transcription of downstream genes such as *Bip/GRP78* and other cytoprotective genes, accelerating the ubiquitination of misfolded proteins through ER-assisted degradation. 2) Signal transduction of PERK stimulates the phosphorylation of the α subunit of eukaryotic initiation factor 2α, followed by activation of activating transcription factor 4 (ATF4) to restore ER homeostasis, which can be ascribed to the blockage of translation. 3) Separation of ATF6 from the ATF6/Bip/GRP78 complex and translocation of ATF6 to the Golgi will help its activation by site-1 and site-2 proteases, and afterward, transfer of cleaved p50ATF6 to the nucleus promotes the expression of genes which are in charge of cellular self-healing.[@b79-ijn-13-2729]

Researchers nowadays believe that ER plays an important role in the regulation of apoptosis. Theoretically, ER predominates in the regulation of intracellular Ca^2+^.[@b80-ijn-13-2729] In addition, it is also involved in the synthesis and modification of receptors at the cell membrane and organelle membrane. For example, caspase 12 is a protein from the caspase family, which is located at the surface of ER-cytoplasm, which cleaves its substrates at the C-terminal aspartic acid residues. Generally, caspase 12 could be activated by upstream signals such as three classical UPR signaling pathways (PERK, ATF6 and IRE-1α) under the state of sustained accumulation of unfolded proteins and disturbance of Ca^2+^ homeostasis.[@b81-ijn-13-2729] Additionally, it cooperates well with inflammatory caspases in the secretion of inflammatory cytokines. Hence, caspase 12 plays a vital role in ER signaling pathways through which external chemicals lead to cellular apoptosis or pyroptosis.[@b76-ijn-13-2729] Tang et al confirmed that QDs could lead to increased intracellular Ca^2+^ concentration and further demonstrated that this Ca^2+^ is released from the ER.[@b82-ijn-13-2729] Elevated expression of marker protein BiP/GRP78 and glucose-regulated protein 94 occurs in vascular endothelial cells after CdTe QD treatment, suggesting that ER stress can be triggered by CdTe QDs in the endothelial cells.[@b39-ijn-13-2729] Moreover, induction of apoptosis by QDs can be effectively inhibited after use of ER stress inhibitor salubrinal and caspase inhibitors Z-VAD-FMK and Ac-DEVD-CHO, which further confirmed that apoptosis can be ascribed to ER stress.[@b39-ijn-13-2729] Actually, normal cells possess strong resistance to adverse impacts for maintenance of stability. If the damage could not be restored in a timely manner, apoptosis would be induced through PERK-eukaryotic initiation factor 2α-ATF4, phosphorylation of c-JUN NH2-terminal kinase and caspase 4.[@b39-ijn-13-2729] Although apoptosis-related signaling pathways of ER stress have been uncovered, the extent of ER stress involved in the damage by QDs is still obscure. Withal, correlation between ER stress and other cellular organelles remains unclear and the underlying mechanisms of cellular damage also demand efforts in the future.

### Mitochondrial dysfunction

Mitochondrion is the main site of energy production in cells, which functions in oxidative phosphorylation, electron transfer and catabolism. As well, mitochondria are the cellular resources of adenosine triphosphate and ROS. Abnormalities in mitochondrial structure usually occur once the superoxide levels are above the intrinsic ability of clearance. Due to the different changes occurring in mitochondrial morphology between apoptosis and necrosis, it is an important approach to distinguish apoptosis from necrosis. In the early stage of apoptosis, the mitochondrial structure remains intact but is swollen in necrosis. Mitochondria are commonly involved in important events of apoptosis, including mitochondrial membrane permeability, cytochrome *c* release and expression changes of apoptosis-related proteins (Bcl-2, Bax).[@b68-ijn-13-2729],[@b83-ijn-13-2729] Cytoplasm condensation, large-scaled DNA fragmentation and formation of apoptotic bodies along with cell membrane invagination are the typical morphologic features of apoptosis. Our group found that CdTe/CdS QDs induced AML12 cell apoptosis through alteration in permeability of mitochondria, disappearance of mitochondrial membrane integrity, increased cytoplasmic Ca^2+^ concentration and release of apoptotic factors.[@b22-ijn-13-2729] Additionally, CdSe QDs can cause a series of biochemical changes through a mitochondria-dependent pathway in SH-SY5Y cells, consisting of activation of c-Jun N-terminal kinase, loss of MMP and increase of ROS.[@b84-ijn-13-2729] Adverse far-reaching effects on cell stability and tissue integrity are caused, unless the damaged mitochondria are promptly cleared through mitophagy.[@b51-ijn-13-2729] Under intense and persistent stress, release of ROS from NADPH oxidase and electron transfer chain overwhelmingly collapses the buffering system and severely abates the expectancy of cells.[@b85-ijn-13-2729] Similar to other organelles, mitochondrion is a potential target for prevention of damage from xenobiotics.[@b83-ijn-13-2729] However, the complicated mechanism in mitochondrial dysfunction remains obscure. Concrete details of how mitochondria manipulate cellular events remain to be explored.

Owing to the complex courses of cellular activity, it is difficult to judge which events take place initially. The sequence of Ca^2+^ accumulation and ROS release is still under debate. An experiment concerning hepatotoxicity of QDs in vitro showed that mitochondrial ROS (mtROS) can be partially alleviated by Ca^2+^ chelator, but Ca^2+^ mobilization was not abridged when mtROS inhibitor had been pretreated, which draws a conclusion, at least in this case, that QDs partially cause mtROS via upstream Ca^2+^ mobilization in L02 cells.[@b18-ijn-13-2729] Nevertheless, since the gaps between in vitro and in vivo could not be neglected, further studies should be carried out in vivo for more clarification. Although both disruption of calcium homeostasis and mtROS production are closely related to mitochondrial dysfunction, conflicts still exist concerning whether Ca^2+^ influx is a cause or a downstream signal of mtROS generation. As the cause--effect relationship is abstruse, the exact sequence of diverse events is mysterious so far, implying the necessity of further unequivocal studies on this area. It has also been reported lately that mitochondria could finely tune the innate immune response with recruitment of inflammasome complex and generation of inflammatory cytokines.[@b86-ijn-13-2729] Mitochondrial outer membrane permeabilization usually culminates in apoptosis via extrinsic programmed cell death pathways, which depends on the relative activity of pro- or antiapoptotic proteins in Bcl-2 family, whereas mitochondrial permeability transition (MPT) commits cells to death through intrinsic pathway under the control of permeability transition pore at the mitochondrial inner membrane. Ca^2+^ from the ER or cytoplasm to the mitochondria strengthens the process of oxidative phosphorylation with sensitization of dehydrogenases in the matrix, accelerating the course of MPT.[@b87-ijn-13-2729] Moreover, promotion of mtROS via MPT was due to the derangement of electron transport chain. Meanwhile, elevated mtROS reversely oxidizes some receptors at the membrane surface to promote mitochondrial Ca^2+^ uptake and touch off MPT. Hence, a vicious loop among Ca^2+^, MPT and mtROS will eventually contribute to irreversible mitochondrial lesion.[@b88-ijn-13-2729] It is worth noting that mitochondrial toxicity induced by QDs is closely related to specific physicochemical properties. Compared with MPA CdTe QDs, bovine serum albumin CdTe QDs induced severe mitochondrial swelling and had a greater influence on membrane fluidity, which may be attributed to the stronger lipophilicity of bovine serum albumin.[@b89-ijn-13-2729] Intriguingly, the interaction between QDs and membrane proteins leads to the increase in mitochondrial membrane fluidity and the binding affinity of the QDs with pore-forming proteins is closely pertinent to size.[@b90-ijn-13-2729] As aforementioned, ligands[@b91-ijn-13-2729] and size[@b90-ijn-13-2729] are two factors having capability to influence mitochondrial toxicity.

In short, on the one hand, internalization of QDs contributes to morphologic changes of mitochondria with reduction of the MMP and subsequent release of cytochrome *c*, which strikes protease cascade reaction and eventually leads to cell damage. On the other hand, mitochondrial dysfunction has a connection with mtROS production and mitochondrial DNA release, abetting oligomerization of ASC and assembly of inflammasome complex, which activates the proteolytic activity of caspase 1 and facilitates the secretion of inflammatory cytokines related to a new form of cell death termed pyroptosis.

### Lysosomal rupture

In the setting of photocatalytic oxidation, swelling and breakage of lysosomal membrane can be observed. Lysosomes generally participate in waste disposal. Recent studies disclosed that lysosome also functions in the late stage of autophagy and ensures the integrity of autophagy flux, which incorporates the steps of initiation, elongation, maturation and degradation.[@b40-ijn-13-2729] The stage of maturation refers to the formation of autolysosome through the fusion of autophagosome with lysosome, which is beneficial for acceleration of waste degradation, so as to maintain equilibrium of the organism. If lysosome damage was extremely evoked, a cascade reaction would be easily initiated through the leakage of acid materials. Meanwhile, disruption of autophagic--lysosomal axis accelerates the assembly of NLRP3 inflammasome, subsequently triggering cleavage of gasdermin, which eventually results in cellular pyroptosis.[@b71-ijn-13-2729] Activation of NLRP3 inflammasome during lysosomal damage can be alleviated through either inhibitor of cathepsin or inhibition of phagosomal acidification, demonstrating that leakage from lysosomal compartments into cytosol could trigger NLRP3 inflammasome activation. Moreover, cathepsin plays an indispensable role in this process.[@b62-ijn-13-2729] It has been reported that nano-silver[@b52-ijn-13-2729] and nano-rare earth metal oxide[@b53-ijn-13-2729] have the capability to stimulate inflammasome activation due to disruption of lysosomal homeostasis. In addition, lysosomal damage induced by nanomaterials is closely related to the characteristics of nanoparticles. It has been postulated that the long aspect ratio nanomaterials, such as nanorods, nanotubes and nanowires, tend to activate inflammasome for the reason that needle-shaped nanoparticles have the capacity to pierce lysosomal membrane, which consequently causes liberation of contents from the lysosome.[@b92-ijn-13-2729] Although a battery of nanomaterials are able to provide signals for inflammasome assembly through lysosomal enzymes, research regarding lysosomal rupture caused by QDs has not been reported thus far. Interestingly, a study conducted by Lima et al illustrated that extensive NLRP3 signaling ignited by pyroptosis agonist was prior to lysosome rupture, which is contradictory to NLRP3 activation as a result of lysosomal disruption. Meanwhile, they claimed that the lysosomotropic drug Leu-Leu-OMe with the ability of disturbance of lysosome failed to cause pyroptosis with minimal cleavage of caspase 1.[@b93-ijn-13-2729] The relationship between lysosomal rupture and NLRP3 activation remains to be clarified.

Signaling pathway
-----------------

Signal pathway is the process involved in transmission of signals from upstream event to downstream, which ultimately results in a cellular response. Regulation of inflammatory responses, induction of apoptosis and occurrence of excessive autophagy are inseparable from mediation of signaling transduction. Notably, complicated networks are composed of diverse signaling pathways which are complementary aspects of each other. Elucidation of cellular signaling pathways can not only help to disclose the mechanisms of toxicity but also provide clues for exploration of measures against potential damage caused by engineering nanoparticles. One possible connection between nanoparticle exposure and inflammatory responses could be NF-κB, which is the key regulator of the inflammatory cascade. In addition, stimulation of QDs always regulates immunoreaction and inflammatory reaction through NF-κB/inflammasome pathway.[@b94-ijn-13-2729] Production of pro-inflammatory cytokines involves the cascade activation from TLR-2/MyD88 to NF-κB pathway in J774A.1 macrophages after treatment with adenosine 5′-monophosphate--conjugated CdSe/CdS/ZnS QDs. The same goes for MPA-capped CdSe/CdS/ZnS QDs, which is even more serious.[@b95-ijn-13-2729] Moreover, QD705-COOH and QD705-PEG have the ability to enhance the secretion of interferon-β in RAW264.7 cells via TLR-4/TIR-domain-containing adapter-inducing interferon-β-dependent signaling pathway,[@b96-ijn-13-2729] which can also increase the release of chemoattractant protein 1 through TLR-4/MyD88/NF-κB pathway.[@b97-ijn-13-2729] Inflammatory response, apoptosis and autophagy were mediated by the signaling pathway of P38 mitogen-activated protein kinases/NF-κB in activated THP-1 macrophages after exposure of graphene quantum dots (GQDs).[@b98-ijn-13-2729] In the meantime, the antioxidant system is triggered for inherent clearance once xenobiotics are recognized by the organisms. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2)/antioxidant response element (ARE)/heme oxygenase-1 pathway exerts its important action on detoxification for maintenance of redox balance. For instance, experiments conducted by our group have illustrated that activation of Nrf2/ARE signaling pathway confers protection against apoptosis in AML12 cells induced by CdTe QDs.[@b22-ijn-13-2729] Withal, pathways of ER stress can be activated when unfolded proteins are difficult to be degraded.[@b76-ijn-13-2729] Signaling transduction of cytotoxicity induced by QDs is sketched in [Figure 3](#f3-ijn-13-2729){ref-type="fig"}.

Perspectives
------------

Morphologic alteration, metabolic disorder as well as diverse forms of cell death are obvious evidence for the existence of toxicity in QDs. The presence of toxicity has hindered application of QDs in life sciences, even though QDs are abundant with unique properties. Therefore, it is crucial to elucidate the mechanisms involved in QD-induced toxicity, which have not been completely clarified. It has been reported that oxidative stress, inflammation and disturbance of organelles are related to toxicity caused by QDs. Cellular end points, including necrosis, apoptosis, autophagy and pyroptosis, are induced by QD exposure. As each type is a unique nanocrystal in the light of size, shape, components and surface chemistry, it is a great challenge to comprehensively understand the toxicity mechanism of different types of QDs. Multiple target organs should be adopted for safety evaluation of various kinds of QDs. The evaluation from a single cell level to the whole animal model should also be emphasized. Likewise, distinct exposure routes should be considered. Moreover, it is necessary to assess the risk of QDs through both acute and chronic exposure. Of note, decrease in toxicity should be the prerequisite for utility of QDs in diagnosis and therapy. Due to the potential social benefits and medical assistance of QDs, studies about this promising area should be further strengthened. We hope that approval of compatibly designed QDs will make a contribution to the therapy of certain diseases in the near future.
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![The basic structure of QD is composed of a core and a shell.\
**Note:** It can also be designed for the purpose of enhancing biocompatibility with addition of variable outer layers, such as peptides, antibodies, oligonucleotides and so on.\
**Abbreviation:** QD, quantum dot.](ijn-13-2729Fig1){#f1-ijn-13-2729}

![Scheme of the proposed mechanisms through which QDs disrupt the cellular homeostasis and induce apoptosis.\
**Note:** Green line represents activation, while the red line represents inhibition.\
**Abbreviations:** ANT, adenine nucleotide transporter; ATF4, activating transcription factor 4; ATF6, activating transcription factor 6; Bak, Bcl-2 antagonist/killer 1; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-2; Bcl-xl, B-cell lymphoma-extra large; BID, BH3 interacting domain death agonist; BAD, BCL2 associated agonist of cell death; BIM, BCL2 like 11; BiP, binding immunoglobulin protein; CHOP, CCAAT/enhancer-binding protein homologous protein; CypD, cyclophilin D; ER, endoplasmic reticulum; FADD, Fas associated via death domain; FasL, Fas ligand; IRE1, endoplasmic reticulum to nucleus signaling 1; MMP, mitochondrial membrane potential; QDs, quantum dots; PERK, protein kinase RNA-like ER kinase; PKC, protein kinase C; PUMA, protein p53 upregulated modulator of apoptosis; ROS, reactive oxygen species; VDAC, voltage dependent anion channel; XBP-1, X-box binding protein 1; XBP-1s, spliced XBP-1.](ijn-13-2729Fig2){#f2-ijn-13-2729}

![The signaling pathways and the possible mechanisms of QDs in cytotoxicity.\
**Note:** Incubation with QDs could induce cellular processes, which could be triggered by several signal transductions, incorporating detoxification of Nrf2-ARE pathway, inflammatory reaction of TLRs/NF-κB and NLRs pathways.\
**Abbreviations:** ARE, antioxidant response element; APAF1, apoptotic protease activating factor-1; CARD, caspase activation and recruitment domain; ER, endoplasmic reticulum; GSDMD, gasdermin D; IL, interleukin; IKK, IκB kinase; IκB, inhibitor of κB; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; NLRs, nucleotide oligomerization domain-like receptors; mtROS, mitochondrial ROS; Nrf2, nuclear factor (erythroid-derived 2)-like 2; QDs, quantum dots; ROS, reactive oxygen species; TLRs, Toll-like receptors.](ijn-13-2729Fig3){#f3-ijn-13-2729}
